Field Dependence of the Spin Relaxation Within a Film of Iron Oxide Nanocrystals Formed via Electrophoretic Deposition by Kavich, DW et al.
NANO EXPRESS
Field Dependence of the Spin Relaxation Within a Film of Iron
Oxide Nanocrystals Formed via Electrophoretic Deposition
D. W. Kavich • S. A. Hasan • S. V. Mahajan •
J.-H. Park • J. H. Dickerson
Received: 6 May 2010/Accepted: 7 June 2010/Published online: 20 June 2010
 The Author(s) 2010. This article is published with open access at Springerlink.com
Abstract The thermal relaxation of macrospins in a
strongly interacting thin ﬁlm of spinel-phase iron oxide
nanocrystals (NCs) is probed by vibrating sample magne-
tometry (VSM). Thin ﬁlms are fabricated by depositing
FeO/Fe3O4 core–shell NCs by electrophoretic deposition
(EPD), followed by sintering at 400C. Sintering trans-
forms the core–shell structure to a uniform spinel phase,
which effectively increases the magnetic moment per NC.
Atomic force microscopy (AFM) conﬁrms a large packing
density and a reduced inter-particle separation in compari-
son with colloidal assemblies. At an applied ﬁeld of 25 Oe,
the superparamagnetic blocking temperature is TB
SP &
348 K, which is much larger than the Ne ´el-Brown approxi-
mation of TB
SP & 210 K. The enhanced value of TB
SP is
attributed to strong dipole–dipole interactions and local
exchange coupling between NCs. The ﬁeld dependence of
the blocking temperature, TB
SP(H), is characterized by a
monotonically decreasing function, which is in agreement
with recent theoretical models of interacting macrospins.
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Introduction
The thermally activated spin relaxation of ferromagnetic
(FM) nanocrystals (NCs) continues to be of interest in
applied physics because of its relevance to the design of
magnetic storage media and spin transport devices [1–3].
According to the Stoner–Wohlfarth model, rotation of the
macrospin from one energy minimum to another depends
upon the uniaxial anisotropy barrier, which scales with the
NC volume [4]. Consequently, the relaxation of an isolated
macrospin is governed by the competition between the
thermal energy and the uniaxial anisotropy energy. Devi-
ations from this simple model can result from numerous
factors, such as contributions from surface anisotropy
[5–7], interaction with an antiferromagnet [8–10]o ra
surface spin glass phase [11], or dipole–dipole interactions
[12, 13]. Measurement of the temperature-dependent
magnetization, m(T), is a useful procedure for probing the
relaxation dynamics, since it determines the transition
temperature separating the thermally stable state and the
superparamagnetic state (TB
SP). Furthermore, measurement
of the ﬁeld dependence of the transition temperature,
TB
SP(H), provides additional information concerning the
effect of collective phenomena on the thermal relaxation of
interacting macrospins. Recent examples of collective
phenomena are the ﬂux-closure [14, 15] and super-spin-
glass (SSG) states [16–18]. Considerable deviation from
the single-particle approximation of thermally activated
spin relaxation is expected to occur in coupled systems
exhibiting either cooperative or frustrated behavior.
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DOI 10.1007/s11671-010-9674-2In this article, we report on the ﬁeld dependence of the
superparamagnetic transition in a strongly interacting thin
ﬁlm of spinel-phase iron oxide NCs. The ﬁeld dependence
is probed by a combination of zero-ﬁeld-cooled (ZFC) and
ﬁeld-cooled (FC) measurements via vibrating sample
magnetometry (VSM). Thin ﬁlms are fabricated by a
combination of electrophoretic deposition (EPD) and sin-
tering. EPD is a facile tool for producing disordered thin
ﬁlms of strongly interacting colloidal NCs. Sintering the
ﬁlms removes the organic ligand molecules that coat each
NC, yielding a system that maximizes dipole–dipole
interactions and local exchange coupling between con-
tacting surface spins. Surface anisotropy is not the main
factor governing the relaxation dynamics for this system;
however, its contribution to the effective anisotropy con-
stant is taken into account. Additionally, the NCs consist of
a continuous ferrimagnetic (FIM) spinel phase, which rules
out signiﬁcant interfacial coupling, such as exchange bias
and exchange spring phenomena. In the strongly interact-
ing system considered here, the relaxation of macrospins is
governed primarily by the competition among the magnetic
anisotropy, dipole–dipole interactions, exchange coupling,
and thermal energy.
Experimental
FeO/Fe3O4 core–shell NCs are synthesized by the thermal
decomposition of an iron oleate precursor in the presence
of oleic acid. The iron oleate is prepared by reacting 2.17 g
of FeCl36H2O with 7.3 g of sodium oleate in a mixture of
ethanol, deionized water, and hexane at 70C under rapid
stirring. Hexane is removed by additional heat treatment at
75C under vacuum for 24 h. Decomposition of the iron
oleate in a mixture of 1-octadecene and oleic acid produces
14-nm FeO NCs, which oxidize to singly inverted FeO/
Fe3O4 core–shell NCs upon exposure to air [19]. X-ray
diffractometry (XRD) and absorption measurements,
described extensively in a previous publication, conﬁrm the
composition and singly inverted structure [9]. Transmis-
sion electron microscopy (TEM) images of the FeO/Fe3O4
core–shell NCs are provided in Fig. 1a and b. According to
Fig. 1a, the NCs have an average diameter of D & 14 nm
and a narrow size distribution that results in ordered
assemblies upon evaporation from toluene. Dilute assem-
blies of spinel NCs on Si3N4 membranes are fabricated
via a combination of evaporation and sintering of the
FeO/Fe3O4 core–shell NCs at 400C under nitrogen ﬂow.
Sintering under nitrogen is expected to convert FeO to a
dominant phase of Fe3O4 [20]. A TEM image of the sin-
tered NCs is provided in Fig. 1c. The average surface-
to-surface separation between NCs decreases signiﬁcantly
in comparison with the colloidal assemblies depicted in
Fig. 1a and b. XRD of the sintered NCs is provided in
Fig. 2. The diffraction peaks correspond to the spinel phase
of iron oxide, which can include c-Fe2O3 or Fe3O4. Given
the stoichiometry of our original core/shell NCs and the
absorption properties of these materials, cited elsewhere
[9], we conclude that our NCs are Fe3O4.
Thin ﬁlms of core–shell NCs are fabricated via EPD, a
process in which a DC electric ﬁeld drives charged NCs in
suspension toward ﬁeld-emanating electrodes, resulting in
Fig. 1 a TEM image of 14-nm FeO/Fe3O4 core–shell NCs.
b Microscopy of the same NCs at higher magniﬁcation. c TEM
image of 14-nm spinel iron oxide NCs on a Si3N4 membrane
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123a disordered assembly [21, 22]. Silicon substrates (p-type
and n-type) with a native surface oxide layer are arranged
in a parallel-plate conﬁguration, with a separation of
2.4 mm, and act as the electrodes. The dimensions of the
electrodes are *1c m9 2 cm. Thin ﬁlms are formed upon
submerging the silicon electrodes into an NC suspension
with an applied voltage of 500 V. Deposition is allowed to
progress for thirty minutes, followed by the removal of the
electrodes from suspension, yielding a thin ﬁlm of core–
shell NCs. Sintering the ﬁlms at 400C removes the organic
ligand layer that coats each particle and transforms the
core–shell structure of each NC to a continuous spinel
phase of iron oxide, as evidenced in Figs. 1c and 2.
The surface structure of the thin ﬁlms is probed by
atomic force microscopy (AFM) using a Digital Instru-
ments Nanoscope III operating in tapping mode. An AFM
image of the iron oxide NC ﬁlm on p-type silicon is pro-
vided in Fig. 3. The scanning area is 1 lm 9 1 lm.
Although AFM probes local regions of the ﬁlm, scans of
different areas exhibit a similar surface structure. Surface
analysis yields a root mean square roughness of 1.3 nm.
According to the ﬁgure, the ﬁlm is characterized by a
densely packed, disordered assembly of single-domain
NCs. The average size and shape of the NCs is in agree-
ment with the results obtained from TEM. The surface-to-
surface separation between NCs is smaller than is typically
observed in colloidal assemblies, where the distance
between NCs is governed by the length of the organic
capping molecules (d & 1–2 nm). Therefore, it is reason-
able to presume that the magnetic properties of the NCs are
governed by collective effects rather than by single-particle
approximations.
Results and Discussion
In order to estimate the dipole–dipole interaction strength
and its corresponding effect on the thermally activated
relaxation dynamics, the magnetic moment per macrospin
is measured by VSM. The ZFC hysteresis loops of a
powder sample of spinel NCs are provided in Fig. 4. Data
acquisition is achieved by cooling the sample in zero
applied ﬁeld and, then, cycling the applied ﬁeld at a con-
stant temperature. The saturation magnetization is
MS & 67 emu/g at 50 K and MS & 63 emu/g at 300 K.
The magnetic moment per NC is calculated from the
relation l = MsqV, where q is the density of magnetite,
and V is the average particle volume. Taking Ms & 63
emu/g at 300 K and q = 5.175 g/cm
3, the magnetic
moment per NC is *4.7 9 10
-19 Am
2 or 50,520 lB. For
the iron oxide ﬁlms fabricated by EPD, the minimum
center-to-center separation between NCs is approximately
a single particle diameter, since the organic surfactant is
removed after sintering. Assuming this separation, for a
pair of macrospins arranged in a head-to-tail conﬁguration,
the upper bound of the dipole–dipole energy is estimated to
be ED & 100 meV. This can be compared to the magnetic
anisotropy of an isolated NC, which is given by
EA = KUV. Using KU & 5 9 10
4 J/m
3, which includes the
effect of surface anisotropy, the uniaxial anisotropy barrier
for a 14-nm spinel cluster is EA & 450 meV [23]. Ordered
monolayers of Fe3O4 NCs with a pair-wise magnetic
dipole–dipole energy exceeding kBT at room temperature
Fig. 2 XRD data conﬁrming the spinel phase of iron oxide. The
lattice planes associated with the peaks correspond to either Fe3O4 or
c-Fe2O3
Fig. 3 AFM image of the sintered iron oxide NC ﬁlm on p-type
silicon. The inset in the upper left corner relates the color scale to the
surface height
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123are reported as displaying ﬂux-closure arrangements of
macrospins in zero applied ﬁeld [15]. Additionally, SSG
behavior has been reported below the critical freezing
temperature of Tf & 30 K in a system of *5-nm Fe3O4
NCs [24]. It is possible that either a ﬂux-closure or SSG
state exists at low temperature for the electrophoretically
deposited ﬁlms fabricated according to the procedure out-
lined in section ‘‘Experimental’’, since the dipole–dipole
energy is greater than kBT at room temperature and on the
same order of magnitude as the anisotropy energy.
Dipole–dipole interactions in the iron oxide ﬁlm are
veriﬁed by probing the temperature-dependent magnetiza-
tion for orthogonally applied magnetic ﬁelds. Figure 5
illustrates the ZFC/FC magnetization for magnetic ﬁelds
applied parallel and perpendicular to the ﬁlm surface. ZFC
measurements are obtained by cooling the sample to 20 K
in zero ﬁeld. A small ﬁeld is then applied at 20 K, and the
magnetization is recorded as the sample warms to 350 K.
The procedure for the FC measurement is similar, except
the sample is cooled in the presence of a small external
ﬁeld. For the ZFC data, the magnetic moment rises more
rapidly and attains a greater maximum value for the ﬁeld
applied parallel to the ﬁlm surface. This implies an easy
magnetization axis in the plane of the ﬁlm as opposed to
perpendicular to the surface. Hence, a signiﬁcant magne-
tization anisotropy due to the geometry of the ﬁlm exists
that can be approximated by E 1
2l0M2
st, where t is the
ﬁlm thickness [25]. Thin ﬁlm geometries typically display
an in-plane easy magnetization axis when the saturation
magnetization and the ﬁlm thickness are sufﬁcient in
magnitude so that said anisotropy dominates other forms of
anisotropy (i.e., surface and magnetocrystalline). There-
fore, the difference in the magnetization, observed in-plane
versus perpendicular to the iron oxide nanocrystal ﬁlm,
must dominate the anisotropy barriers of the individual
NCs. Another interesting aspect of Fig. 5 involves the su-
perparamagnetic transition temperature, TB
SP, which is
deﬁned as the maximum in the ZFC data and depends on
the time scale of the measurement. Note that VSM mea-
sures the temperature at which the macrospins relax on the
order of s & 100 s [26]. As depicted in Fig. 5, TB
SP &
190 K for the parallel applied ﬁeld, while TB
SP & 217 K
for the perpendicular applied ﬁeld.
The thermal relaxation of the iron oxide ﬁlm is further
probed by the ZFC/FC measurement of m(T) for parallel
applied ﬁelds ranging from 25 to 500 Oe. A plot of the data
is provided in Fig. 6. According to the ﬁgure, the thin ﬁlm
exhibits a superparamagnetic blocking temperature of
TB
SP & 348 K at 25 Oe. In contrast, the Ne ´el-Brown model
of thermally activated spin relaxation predicts a blocking
temperature of TB
SP = 210 K for a 14-nm iron oxide cluster
[27, 28]. The enhanced value of TB
SP with respect to the
isolated particle approximation is primarily attributed to
strong dipole–dipole interactions and local exchange cou-
pling between contacting NCs [29]. Since ED[kBT at
room temperature, the dipole ﬁeld emanating from an NC
can easily polarize neighboring macrospins, which delays
the transition to the superparamagnetic state. In addition to
delaying superparamagnetism with respect to the time scale
of the measurement, dipole–dipole interactions can affect
the distribution in energy barriers that are responsible for
mediating spin reorientation. Looking at Fig. 6, the peaks
in m(T) are extremely broad for all values of the applied
ﬁeld, indicating a gradual transition to the superparamag-
netic state. This is in contrast to weakly interacting systems
Fig. 4 ZFC hysteresis loops at 50 and 300 K. The cycling ﬁeld
is ±30 kOe
Fig. 5 ZFC/FC measurement of m(T) at 500 Oe for ﬁelds applied
parallel (spheres) and perpendicular (diamonds) to the ﬁlm surface.
Filled symbols represent the ZFC data points, and open symbols
represent the FC data points
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123of monodisperse FM NCs that display a sharper transition
from the blocked state to the superparamagnetic state [30].
Figure 6 also indicates a decrease in the value of TB
SP as the
applied ﬁeld is increased to 100, 200, and 500 Oe. Hence,
the effective barriers to spin reorientation are lowered for
larger applied ﬁeld strengths.
AccordingtoFig. 7,TB
SP(H) displaysa non-lineardecrease
with an increase in the applied ﬁeld. This is in qualitative
agreement with the theoretical model of the ZFC magnetiza-
tion of weakly interacting nanoparticle assemblies proposed
by Azeggagh and Kachkachi [31]. They show that within a
Gittleman–Abeles–Bozowski (GAB) model, the form of
TB
SP(H) is dependent upon the particle concentration and,
therefore, on the strength of the dipole–dipole interactions.
Morespeciﬁcally,TB
SP(H)ispredictedtobeanon-monotonic,
bell-likefunctionfornon-interactingsystems,asopposedtoa
monotonically decreasing function for weakly interacting
systems. Figure 7 indicates that TB
SP(H) is a monotonically
decreasing function, as expected for a system of interacting
macrospins. Experimental measurements of dilute systems
also have conﬁrmed the predictions of the GAB model. For
example, Sappey et al. [32] report a non-monotonic depen-
dence of TB
SP on the applied magnetic ﬁeld for a dilute
ensemble of c-Fe2O3 NCs embedded in a silica matrix.
Therefore, the model is in qualitative agreement with exper-
imental measurements of both non-interacting systems and
the strongly interacting system investigated in this article.
Conclusion
In summary, we have investigated a strongly interacting
assembly of iron oxide NCs fabricated by a combination of
EPD and sintering. Characterization by AFM indicates a
densely packed, disordered assembly. VSM measurements
conﬁrm an in-plane easy magnetization axis as a conse-
quence of signiﬁcant dipole–dipole interactions. The ther-
mally activated spin relaxation is investigated by the
ZFC/FC measurement of the temperature-dependent mag-
netization. Particle interactions are found to have two main
effects on the relaxation dynamics: (1) an increase in the
energy barrier distribution and (2) a decrease in the
effective barriers to spin reorientation with an increase in
the applied ﬁeld. These results are in qualitative agreement
with recent theoretical models, which predict that TB
SP(H) is
a monotonically decreasing function for interacting
systems.
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